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Abstract
In this thesis, a fabrication method of an innovative hybrid master mold used in hot
embossing process and the corresponding validation are investigated. The hybrid master
mold consists of a layer o f SU-8 structure, a thin film of copper metal, and a layer o f anti
sticking chemical. First, the negative SU-8 resist is patterned on a silicon wafer by
conventional photolithography to form microstructures. On the patterned SU-8 surface, a
nano-scale thin film o f copper is deposited to improve the mold thermal behaviors and
perform as a seed layer for the following anti-sticking treatment. The reaction of
Trichloro(lH,lH,2H,2H-perfluorocty)silane with the oxidized copper layer is the major
part of the anti-sticking treatment, growing a monolayer to reduce interaction during de
embossing operation. The validation o f the hybrid mold presents a high ability of
prototyping a small volume of micro-devices with well-balanced time/cost consumption.
Using the hybrid mold and appropriate hot embossing parameters, PMMA replicas were
processed with high accuracy. In addition, the lifetime study of the hybrid mold has
shown more than thirty hot-embossing cycles feasible, which is sufficient for the labscale application. Comparing with other master mold approaches, this method combines
high qualified products with reduced cost and the processing time, benefiting the demand
raised in research community.

KEYWORDS:

MEMS/NEMS,

Self-assembly,

Nanotechnology,

Nanowires,

Hydrodynamic focusing, Nanowires assembly, Soft-lithography, Micro-parts, Solder,
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Mathematical Symbols
x,y,z,l

coordinates of the flow system

h

height of the microchannel

Lm

half of the length o f the nozzle in the microfluidic device

Lc

length of the nozzle in the microfluidic device

r\

diameter of the nozzle at its entrance

V2

diameter of the nozzle at its outlet

Y’

position o f one sheath flow in the outlet channel
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the pressure gradient along the microchannel
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flow velocity in the microchannel
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flow rate o f the sample flow
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flow rate o f one sheath flow
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flow rate of another sheath flow
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flow rate of total sheath flow
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width of the focus sample stream
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Fluid viscosity
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y ’
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Chapter 1
Introduction
1.1 Introduction to Hot Embossing Lithography
Hot embossing lithography is a technique which enables to fabrication of functional
structures in a fine scale using replication process. Hot embossing technique can be dated
back to 1970, when a research group from RCA lab at Princeton transferred a master tape
made by electroplating nickel into the vinyl tape using the pressure from two heated
rollers.[l] In the next decade at Karlsruhe, the research of hot embossing lithography had
been carried out to reduce the fabrication cost for LIGA (Lithografie, Galvanik und
Abformung) microstructures.[2] Later, the development of optical micro structures
further promoted the application of this technique. Up to now, the major motivation of
using hot embossing lithography is to fabricate microfluidic device [3], disposable labon-a-chip systems [4], microlens arrays [5] and optical microsystems [6] due to the fast
turn-around time and less material consumptions. Recently, hot embossing lithography
has been also reported in the fabrication o f nanodevices.

The principal process o f hot embossing is straightforward. A micro-structured master
mold and a planar polymer substrate are sandwiched between two heating stages which
apply embossing forces. The mold is pressed with a controlled force into the substrate at
the temperature that is higher than the glass transition temperature (Tg) o f the polymer.
Holding the compression loading for a while, the mold-substrate sandwich is cooled
down to an appropriate temperature and detached from each other. The separated
polymer substrate carries microstructures on its surface. With a single master mold,
- 1-

identical structures can be replicated into various pieces of polymer substrates. Therefore,
embossing force, heating style and the construction o f master molds are the major
concerns for hot embossing lithography.

Planar hot embossing, one of the hot embossing approaches, directly applies force by the
movement of heating stages o f the embossing machine. The driving unit of the hot
embossing facilities could be pneumatic cylinder [7], hydraulic cylinder [8] or linear
screw/motor devices [9]. As described in Figure 1.1, it is found that the embossing
pressure would be higher in the central zone and lower in the margin zone under these
driving units, causing inherent non-uniform distribution of embossing forces over the
working stage. Using this kind of pressure media would not affect the small-sized mold
while it would confine the replication through the large-sized mold on the narrow
working area, confining. Chang’s work in 2002 [10] demonstrated this impact through
experimental data. In addition, unbalanced loading pressures in this hot embossing
operation may make the big embossing molds suffering damages [11].

To fabricate microstructures by large-sized molds, innovative hot embossing
equipment with an alternative pressurizing method which uses gas as pressure media
has been developed. [12-14] In Chang, J.H’s hot embossing equipment, [12] there was an
airtight chamber where the mold and the polymer substrate could be placed. The
protective gas (nitrogen or argon) was injected into the chamber under the monitoring of
the pressure regulator, achieving uniform pressure in vertical direction over the entire

-2 -

Driving Unit
(hydraulic cylinder,

Figure 1.1 Schematic drawing o f the conventional hot embossing apparatus. (Driving unit:
hydraulic cylinder, pneumatic cylinder, linear screw/motor.)
working platform. Thus, every pattern in the large mold can be embossed into the
substrate faithfully. Figure 1.2 illustrates the hot embossing process performed by a gas
loading system. It consists o f 4 steps: (1) locating the mold and the polymer substrate on
the heating stage; (2) sealing the airtight chamber as heating the mold and substrate; (3)
introducing the gas into the chamber to reach the pre-set pressure; (4) decreasing the
temperature and then discharging the gas, de-embossing the mold to get the processed
polymer substrate.

Although the gas is isobaric and isotropic, making use o f the embossing area more
effectively, the relatively complicated operation restrains the popularity of these gas
loading machines. There are few gas-facilitated hot embossing machines in market, so
that users from labs or industry have to redo the conventional machine. That is another
barrier for promoting gas-pressed hot embossing lithography.
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Figure 1.2 Schematic drawing of the steps o f gas pressurized hot embossing process,
(a) Preparing materials, (b) Covering a chamber, (c) Gas pressurization & plate
heating, (d) Exhausting & de-embossing.

In recent years, the reel-to-reel hot embossing lithography has emerged as a promising
process, embossing flexible foil-based polymer substrates continuously. The reel-to reel
processes share the same principle o f hot embossing lithography, while the main
distinction is keeping molds and polymer in motion during processing, creating non-stop
fabrication and high throughout. The basic process is presented in Figure 1.3 (a), and an
actual reel-to-reel hot embossing machine is shown in Figure 1.3 (b). The polymer foil
can be molten locally by the heated rollers while the surface structures o f rollers would
be pressed into the foil. The reel-to-reel machine, which has a driving roller and a driven
roller, embosses the pattern on the moving polymer one after one. As it is a dynamic
fabrication and the feed rate significantly affects the results, the reel-to-reel hot
embossing process is more difficult to control. Until now, only a few research groups
claimed the success of using this technique in the field o f micro/nano-system fabrication.
-4 -

Considering the concrete size of the mold, the simple installation and operation of the
machine, a planar loading hot-embossing machine, was employed in this work.

Figure 1.3 (a): Principle of state of the art reel-to-reel hot embossing machines, (b):
Actual set up for reel-to-reel hot embossing, (reproduced from [15])

In terms of heating methods, hot embossing lithography can perform non-isothermal
embossing or isothermal embossing [7]. The non-isothermal embossing methods can be
sorted into heating the mold and heating the substrate separately. If the mold is heated,
only the contact area o f the polymer substrate flows easily. The viscous polymer moves
along the curve o f the mold feature and stops once reaching the surface of the mold. The
drawing in Figure 1.4 illustrates the polymer flow pattern under this kind of nonisothermal embossing. Excellent replications were observed as the polymer substrate was
heated locally and then conformed the shape of the feature. [7] However, the embossing
speed in this heating approach becomes another issue. The contact time would be too
short to heat up the contact area or make adequate PMMA volume flow if the embossing
speed is too high.
-5 -

In another non-isothermal heating method, the mold stays at room temperature while the
polymer substrate is heated above the Tg. However, the experiment did not show any
excellent replications under this type of heating. It is inferable that keeping the mold in
high temperature is a key element in hot embossing process.
For isothermal embossing, both the mold and the polymer substrate are heated above the
Tg of polymer as the embossing pressure is set in an appropriate range. Since the mold
and the polymer are heated as a whole, the polymer can flow freely. It is realized that the
processing conditions, such as temperature controls, pressure controls, heating time
controls affect replication accuracy. Reviewing existing hot embossing applications, most
cases utilized the isothermal heating method rather than heating mold or polymer only.
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Studying and optimizing parameters o f embossing temperature, compressive loading,
embossing time is relatively simply in isothermal heating method.

Comparing the established replication technologies with respect to different properties
including cycle times, materials, process conditions, automation and geometry, it is
inferred that the success o f any replication technology is mainly dependent on the molds
since any surface defect would be replicated faithfully in the polymer and process control.
Various types o f techniques have been devoted to fabricate master molds for different
applications. These master molds can be sorted into hard molds and soft molds based on
the construction materials and their mechanical properties. Hard molds can be fabricated
by computer numerical control (CNC) machining, laser ablation, electroplating, or
patterning silicon wafers [3, 16-18].(Figure 1.5 (a) and (b)) This type of molds has the
capability o f withstanding high working pressures and temperatures as well as long life
spans. Soft molds are fabricated with several resin-casting processes, which involve
replicating primary molds [19]. (Figure 1.5 (c) and (d))

1.2 Motivation of Using Hybrid Molds as The Embossing Masters
Molding o f micro-devices using hot embossing lithography has gained its attention in
scientific research and industrial community. As discussed, the construction of the insert
master mold is the core o f this technique. Although hard molds have high imprinting
performance and long lifetimes, it takes lots o f investment and time to construct them.
The more complex the structure is, the more money and time are needed. Regarding the
soft molds, it is

-7 -

Figure 1.5 (a): Steel mold made by laser machining, (b): Nickel mold made by
electroplating, (c) and (d): Polyimide and Polydimethylsiloxane molds made by resin
casting, (reproduced from [20-21])

limited to emboss substrate materials with low Tg. Furthermore, multi-step castings
involve more procedures and bigger accumulated errors. The thermal conductivity o f the
polymer molds is low, rising a higher probability of failure in hot embossing process. In
industrial sector, molds fabricated through mechanical machining or electroplating (eg: a
typical rate o f nickel electroplating is between 10 and 100 pm/h) are used broadly due to
the long life endurance. In lab-scale fabrication, however, it is unnecessary to employ
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molds with hundreds of lifetimes. It would profit more if a mold is made by balancing the
raw material expense, the time for fabrication, and the life endurance. Therefore, the
demand of fast prototyping and small volume production of micor-devices motivates this
study to explore an easily-fabricated hybrid molds with reliable performance.

In the project, a hybrid mold combining the SU-8 resist structure, a film of metal and an
anti-sticking layer was investigated. In theory, SU-8 resist satisfies the requirements of
constructing an embossing mold in terms of hardness and thermal stability. Cross-linked
SU-8 resist possesses a rather higher elasticity module than these o f rubbery PMMA and
PC. Furthermore, molding SU-8 resists is a well-developed technique in Clean Room.
These two features inspired us to explore the possibility of simplifying the master mold
fabrication using SU-8. Considering the relatively low thermal conductivity of SU-8
resist, a thin film o f copper was applied to wrap the constructed pattern. Thus, the thermal
advantage o f metals would be brought into the hybrid mold, reducing the temperature
rising time. The surface contact area of the mold would consist of bare SU-8 resist and
the silicon wafer where the structure stands on unless the thin film o f copper is applied,
unifying the mold surface, achieving exceptional thermal performance. In order to reduce
the friction during de-embossing, anti-sticking layers were applied on molds’ surfaces,
minimizing the interaction between molds and polymer substrates.

1.3 Scope and Research Objective
The hybrid molds developed here are not designed as solid as metal molds, but are robust
enough for fast prototyping and small volume production of micro-devices. The primary
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goal o f the present research is to demonstrate the feasibility of fabricating hot embossing
molds through SU-8 resist application, metal thin film deposition and anti-sticking
coating; validate the mold using the conventional hot embossing machine. In particular,
the replication accuracy and the mold life cycle will be investigated in detail. The
following aspects will be investigated to achieve this primary goal:
•

Construct microstructures through photolithography technique and develop a thin
film of copper to advance the thermal behavior, reaching the desired temperature
rapidly.

•

Coat an anti-sticking layer on the surface o f copper through chemical method, and
quantitatively evaluate the effect of anti-sticking layers.

•

Review existing data of operating hot embossing process performed through diverse
hot embossing machines and embossing molds, locating rough ranges o f operating
parameters.

•

Study the effects of parameters (eg. heating temperature, compressive loading,
embossing time and de-embossing temperature), mapping the accurate and
performance flow chart.

•

Characterize processed PMMA substrates, perform life time tests and validate the
hybrid mold through contrast experiments.

1.4 Outline of Thesis
This dissertation is divided into five chapters and one appendix, and is organized in the
following way:
Chapter 1 introduces the hot embossing lithography technology, especially the
embossing force, heat and mold inserts. Then the gap of fabrication technique of mold
- 10-

inserts results to the motivation of this project. The scope, research objective and outline
o f thesis are provided as well.
Chapter 2 presents the literature survey o f the application of hot embossing in device
fabrication and surface modification methods. It also compares two major kinds of of
master molds, and their related fabrication approaches.
Chapter 3 describes the procedures for mold fabrication, including the micromolding of
negative photoresist SU-8 with photolithography, metallization of polymer molds with
physical deposition technique and the surface modification using self-assembly coating.
Chapter 4 characterizes the hybrid molds from their surface properties, especially the
anti-sticking property, and performance o f hot embossing lithography. The anti-sticking
property is evaluated by water contact angle measurement and the adhesive force
measurement using atomic force microscopy. The hot embossing performance is judged
by the appearance, roughness and profile data of the replicated structures.
Chapter 5 gives a summary o f the thesis, and highlights the contributions of candidate’s
work. Suggestions for future work are also outlined.

- 11 -

Chapter 2
Literature Survey
2.1 Application of Hot Embossing technique in Device Fabrication
The emergence of hot embossing technique fulfills demands of commercializing
microsystem technology, which requires low-cost and high-throughput microfabrication
methods. Hot embossing lithography has been documented by a great volume of
publications and conference contributions, showing an upward trend in various
application fields, such as bioMEMS/biosensors, micro total analysis systems (p-TAS)
integration, microfluidic devices, Lab-on-a-foil applications, etc.

Polymer-based

microfluidic

devices have become

an attractive alternative

for

biotechnical community, although glass or quartz used to dominate the choice of
construction materials for these device fabrications. The advantages of hot-embossed
plastic devices include high processing speed, high throughput capabilities, the ability of
integrating components, and low manufacturing expenses, comparing with glass or quartz
device fabrications. Researchers foresaw it was possible that advanced biotech devices
could be fabricated without the need to build up a complete process line and without the
need to contribute time in taking care of various equipment. Traditional techniques
employ high energy beams of photons, electrons, X-rays or ions to fabricate fine
structures from resist materials. Compared with these complicated steps, hot embossing
technique accomplishes the same task by only compressing a stamp into a moderately
heated polymer, and this microfabrication process can be repeated in fast and reliable
cycles. In addition, the construction materials, e.g. polymethylmethacrylate (PMMA),
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have considerable biocompatibilities. It allows in some cases, building structures in
thermoplastics with pretreated biological surfaces, instead of modifying surfaces after
producing the structures from other methods.

Hot embossing technique provides benefits to the biotech community. PMMA devices
consisted o f long separation channels to perform electrophoretic separations of doublestranded DNA ladders were fabricated using hot-embossing techniques [22], The metal
mold used in the practice was produced by electroplating nickel on dies prepared with
LIGA

(Lithographic,

Galvanoformung,

Abformung).

The

high-aspect-ratio

microstructures with minimal replication errors were produced at a rate of ~ 5 min, and
the smallest dimension of width was down to 20 pm (Figure 2.1). Using one Ni mold,
over 300 devices could be fabricated, and they had identical structures. In addition, the
list of applicable materials is wide, comprising a lot of polymers with diversity of glass
transition temperatures.
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Figure 2.1 SEM images o f the mold and the imprinted structure. (A, B) the Ni molding
tool prepared using LIGA and Ni-electroplating; (C, D) the microstructure molded in
PMMA from the mold. The extrusive structures on the mold and the embossed channel
heights were 80 pm and the width of the channel was 20 pm, reaching aspect ratio of 4:1.
(reproduced from [22])

Hong et al. [23] published an innovative in-plane passive micromixer fabricated by hot
embossing technique as well. Modified Tesla structures were used as passive valves. A
nickel mold with a microstructure of 90 pm high was attained after electroplating on SU8 mold. This mold was brought into contact with a plastic substrate o f cyclic olefin
copolymer (COC) to replicate the micromixer device. The mixer, which can be integrated
with on-chip micro fluidic devices and micro total analysis systems (p-TAS), is deemed
one of hot-embossing application examples.
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Apart from making solid in-plane devices, hot embossing technique contributes in the
production o f lab-on-a-foil device, which is a flexible device. The hot embossing
equipment with two reels instead o f two planar compression stages is capable of
embossing structures on surfaces o f polymer foils during rotating foils (Figure 2.2). It has
achieved a significant decline of cycle times due to no cooling time required, increasing
productivity through the continuous reel-to-reel fabrication processes. A capillary
electrophoresis separator was fabricated in a PMMA foil by the use of a reel-to-reel hot
embossing machine, adding one more practical application in hot embossing technique
[24]. They wrapped a 50 pm thick nickel mold (Figure 2.3), where extrusive structures
were electroplated, over the top stainless steel roller. In the embossing process, the
rotation o f the roller was set at the linear speed o f 1.5-35 mm/s, and pneumatic pressure
(1-6 bar) was loaded on the PMMA foil with a glass transition temperature of 105°C. The

roller temperature was set between 80-160°C. The product evaluation indicated that
lateral dimensions could be replicated within 2% tolerance, while over 85% of mould
depth was embossed. The accomplished microchannels were with width down to 50 pm
and depth up to 30 pm.
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Patterned
film around

Figure 2.2 Schematics of hot roller embossing process

Figure 2.3 An actual reel-to-reel hot embossing machine (reproduced from[24])

Textile fibers also gain benefit from this flexible hot embossing technique which is able
to construct structures on fiber’s surface. Helmut Schift, et al. [25] in 2006 developed a
simple roll embossing setup, where a flexible metal stamp with a pattern on the surface
- 16-

was mounted on a metal roller. Through rotating the rollers, periodic patterns with details
of sub-micron dimensions were replicated on polyester fibers which were of 180 pm in
diameter.

The reel-to-reel hot-embossed fabrication method has been further adapted by packaging
industry. A continuous reel-to-reel processing setup (Figure 2.4) can be used for a highvolume production of Lab-on-a-Foil devices.[26] In this system, the storage structures are
produced at the hot embossing station which is the starting point of the packing line.[27]
After the structuring station, subsequent manufacturing steps like preloading of chemicals,
surface modifications or assembly of extra parts can be integrated.[28] Finally, individual
Lab-on-a-Foil functional unit could be cut off.

Figure 2.4 Schematic of a reel-to-reel processing scenario: (A) rolled foil; (B) structuring;
(C) surface modification; (D) liquid dispenser; (E) pick-and-place station; (F) lamination
of multilayer sealing foil; (G) sealing; (H) cutting; (I) final product, (reproduced from
[29])

Another applicable case about hot embossing lithography can be documented in human
implant study. Polymeric materials are of excellent biocompatibility, providing various
biofunctionalities. The combination of functional polymers and biomolecules would be
- 17-

specific for various biomedical applications. F Umbrecht, et. al; in 2010 presented a new
passive sensor to monitor the deformation of orthopedic implants fabricated by hot
embossing lithography [30]. The sensor was entirely made from biocompatible PMMA.
It had a microchannel connected with a reservoir which was filled with a fluid. When
strain took place on the reservoir, the fluid would be ejected into the microchannel as the
reservoir’s volume changes. Thus, the fluid’s volume in the microchannel can be
impacted on by strain.

Hot embossing lithography is not only feasible for the fabrication of micro/nano devices,
but also makes contribution in other areas. The production of Molded Interconnect
Device (MID) can be taken as an example. Basically, fabricating a steel stamp with the
layout o f an electronic circuit is the starting step. A special copper foil is placed between
the MID and the stamp. Embossing the MID with a suitable pressure at an appropriate
temperature causes part of the cooper foil to be attached on the substrate (Figure 2.5).
The simplified procedures present advantages, such as availability o f various
thermoplastics and low cost on MID manufacturing. Another good example is the
manufacture of polymer waveguides, which are used as optical components in optical
communication and optical interconnections.[31] Not only a large volume o f waveguides
can be fabricated easily within low processing cost through the use of hot embossing
technique, but also highly precise polymer microstructures are achievable. A lot of papers
reported this technical practice with thermoplastic polymers, such as PMMA, COC and
polycarbonate. [32-34]

- 18-

Figure 2.5 Figure Mechanism o f hot embossing method for MID

2.2 Review of Fabrication Approaches on Master Molds
According to the materials, hot embossing molds are sorted into two types: hard tools,
which are made from metals, silicon, or oxidized silicon; soft tools, whose component are
polymers.

2.2.1 Fabrication Approaches for Hard Molds
Many processing approaches have been applied in hard tool fabrications. There are three
major strategies of micromachining methods, electroplating methods and Wet/dry etching
methods.

Modem

micromachining technologies,

miniaturizing outcomes

of conventional

machining, have opened the door for producing hot embossing mold production by
sawing, cutting, milling, turning. Structures with a high resolution o f a few 10 pm are
achievable, while raw materials within a broad range, including stainless steel, which is
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unrealistic with other microfabrication technologies, can be reachable. Another principle
benefit o f modem micromachining technologies is the good mold insert lifetime.
H ow ever, the geom etries o f the layouts are lim ited in these tech n o lo g ies,
such as CNC m achining. Comparatively simple, straight channel structures are
barrier-free designs using these techniques. Channel crossings, high aspect ratio
structures, very deep holes or very small structures cannot be fabricated, or only with
major

drawbacks,

comparatively

through

rough

these

surface

methods.

induced

Meanwhile,

a

byproduct

of

a

in the m icromachining process was

reported.[35] T. Hanemann et al. [36] in 2001 released the fabrication o f alloyed
steel molds by laser machining for hot embossing application and injection
moldings. The scheme o f laser machining is presented in Figure 2.6 and the actual
alloyed steel molds are shown in Figure 2.7. In a recent paper by P. Shiu et al.[37],
the rapid fabrication o f molds with m icro-structures involving laser cutting and
welding was presented as well.

Laser beam

rocess gas
flelted rejection

Solid material

Vapour

Vapour
Ablation via
sublimation

Ablation via
laser cutting

Melted phase

Ablation via
melt ejection

Laser-Micro-Caving

Figure 2.6 Experimental setups for laser patterning of metal surfaces in the work of
T.Hanemann. ( reproduced from [36])

-

20

-

Figure 2.7 Different laser fabricated mold inserts. The largest aspect ratio is 10 (free
standing walls, height 400 pm, width 40 pm), the aspect ratio o f small trenches is 20
(height 2 mm,width 0.1 mm), (reproduced from [36])

In contemporary mold fabrication approaches, an electroplating step has been involved.
Nickel or nickel alloy like NiCo or NiFe plays a big role in building molds.
Photolithography is used to construct an electroplating starting layer. Photoresist
materials are coated on a conducting seed layer mounted on a hard substrate, creating an
appropriate thickness. In a galvanic bath, the metal deposites on the area that the seed layer
exposes due to the interaction of metal ions between the bath and the seed layer. The
electroplating operation does not stop until the metal reaches the desirable height and
then the photoresist can be sacrificed, leaving the metal structure as intended. Figure 2.8
described detailed steps o f mold fabrication with electroplating.
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Figure 2.8 Basic steps o f electroplating procedures.

Figure 2.9 SEM images o f arrays of 25 pm-high, 10 pm-wide and 1 mm-long lines with
10 pm spacing in nickel mold. ( reproduced from [38])

It is obvious the geometries of electroplated molds are in a close relationship with the
resolution of the mother structures. Structural heights of the order o f 10 - 40 pm by
conventional photoresist technologies were published [16]. Electroplated molds
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have taken the dom ination in hot-em bossing fabrication because o f the small
surface roughness and excellent life cycles. Figure 2.9 showed the nickel arrays
fabricated

by

Young

et

al.

in

2007,

dem onstrating

the

excellence

of

electroplating approaches. [3 8 ] Electroplating methods, however, cannot avoid some
drawbacks, such as the slow growth rates of metals, the high residual stress and the
radial dependency of the growth rate. A typical rate of nickel growth is between 10 and
100 pm/h. The residual stress induced in the m etallic layer in the process may
bend the master. The growth rate varied along radial direction leading to a different
height of the nickel structure in the middle and at the rim of a nickel wafer. These
drawbacks have motivated people developing more advanced molds by exploring other
techniques.

Besides being used in micromachining methods, silicon can be treated in a different
approach (e.g. wet etching and dry etching) to produce master molds. Some properties of
silicon, such as high level of hardness and high thermo conductivity, make it a directly
used master mold not only in lab study, but also in commercially available services. Wet
etching can be either isotropic or anisotropic. For example, the wet etching of hot
potassium hydroxide (KOH) solution on silicon forms a trapezoidal channel with a wall
angle o f 54.7 degree as its anisotropic behavior (Figure 2.10). The mold is easy to
release due to the slant in the wall. M e a n w h ile , the surface roughness of the wet
etching processed monocrystalline silicon wafers is excellent [39-40]. This method
allow s the specific cross section, although, on the other hand, it lim its the
channel to this shape. D ifferent from wet etching, dry etching, where the target is
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sputtered or dissolved with reactive ions or a vapour phase etchant, can only make
anisotropic structure. The regular dry etching methods are reactive ion etching (RIE),
advanced silicon etch (ASE) or the Bosch deep reactivation etching (DRIE).[41] Refer to
the principle o f dry etching (Figure 2.11), rough surfaces would be formed during etching,
as a consequence of all kinds o f micro-mask deposited or grown on the silicon (Figure
2.12), e.g. native oxide or dust, etc. which is already on the wafer before etching. The
uniformity is another issue since it is highly dependent on the process controls and the
layout’s geometries.
[100] d irectio n s

S i3N4 m ask

Figure 2.10 The cross-section o f a channel fabricated by wet etching method.
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Figure 2.11 The scheme of dry etching process.

Figure 2.12 The forming o f the rough surface on silicon after dry etching.( reproduced
from [41])

2.2.2 Fabrication Approaches for Soft Molds
Besides hard molds described above, there is a kind of soft mold mainly made of
polydimethylsiloxane

(PDMS),

embossing
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rapidly

microchannels

in

PMMA.

Jagannathan Narasimhan and Ian Papautsky in 2003 [42] presented the fabrication and
characterization of PDMS molds. PDMS molds were casted against patterned SU - 8
resists standing on silicon substrates where the conventional photolithography involved.
The PDMS sheet can be an embossing mold against PMMA. The fabrication process is
demonstrated in Figure 2.13 in detail. In this paper, they published embossed
microchannels in PMMA with aspect ratios up to 2, with depths from 5 to 250 ¡um and
widths over 40 jum. The cycle time of this soft mold was increased and the mold lifetime
was limited to approximately 20 cycles. The major benefit o f the soft mold is the
compliant layer can be taken away since the flexibility of the bendable mold is able to
press PMMA equally.

Silicon casting
template

PDMS casting

Hot embossing
PMMA

PMMA
Microchannels

Figure 2.13 Schematic o f hot embossing PMMA microchannels with PDMS tool
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2.3 Survey of Surface Modification Techniques
One o f the keys of fabricating tiny structures in thermoplastics is nonsticking
modification. Refer to different material properties, natural nonsticking molds were
developed from ethylene (tetrafluoroethylene) or diamonds. [43-45] one-way (polymer
and dissolvable) molds played a role in hot embossing lithography as well.[46] The
application of these molds, however, is restricted as the material limits. In modern hot
embossing applications, modifying mold surface is the major strategy.[14, 47-50] The
primary procedure is to coat a monolayer with an appropriate chemical which can be
categorized into two types. Thiol is used to grow the hydrophobic monolayer on nobel
metal surfaces, including cobalt, nickel, zinc, cadmium, platinum, bismuth, and gold. [5152] As long as silicon and silicon oxide can be used as mold materials, fluorinated silane
have become the antisticking grower, exhibiting strong covalent bonding and low surface
energy.[53] Fluorinated silanes, which possess high endurance against excessive
temperatures and pressures, are available with different carbon chain lengths and silane
head groups. [49] A special mention should be made is Hare, et,al. [54] predicted -C F 3
composed surface exhibited the lowest critical surface tension of any system,

~6

dynes/cm. Comparing with Teflon, which shows a surface energy o f 18 dynes/cm[55], it
is obvious that fluorinated silanes with -C F 3 have more potentials in facilitating mold
release.
In the case o f trichlorosilane, there are two methods to coat the antisticking monolayer on
the mold. One is liquid phase application and the other is vapor phase application.
Trichlorosilanes’ -SiCf? groups react with the -O H groups on the surface, producing HC1
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as a byproduct. Therefore, the reaction would work more rapidly in the liquid phase
application as the sufficient -O H groups supplied by surface water.[56-59]

2.4 Conclusion
Hot embossing lithography, as one of the appropriate processing methods for micro/nano
devices, is gaining its popularity because it is a considerably fast and qualified technique.
With a single master mold, identical structures can be replicated into various substrates.
Comparing the established replication technologies with respect to different properties
including cycle times, materials, process conditions, automation and geometry, it is
concluded that the success of any replication technology is largely dependent on the
molds since any surface defect would be replicated faithfully in the replicates. Hard
molds have the capability to withstand high working pressure and temperature as well as
a long life span. However, the fabrication methods, including micromachining method,
electroplating methods and wet/dry etching methods have barriers in composing molds,
such as surface roughness limits and processing speed limits. On the contrary, soft molds
beat hard molds with low-cost and short fabrication cycle, but they are limited for only
embossing materials with relatively low Tg compared to the mold itself. Furthermore, the
thermal conductivity of soft molds is low, causing higher probability of failure in hot
embossing. Thus, there is a rising demand for more rapid, simpler approach to fabricate
cost-efficient master molds used in hot embossing lithography for lab reseach. This
results in the following research aspect: exploring the possibility o f an innovatively
hybrid mold consisting of polymer (negative photoresist SU-8 ), a thin copper (Cu) film
and an anti-sticking layer.
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Chapter 3
Microfabrication of Master Molds
3.1 Introduction
As discussed in Chapter 2, master molds can be categorized into hard molds and soft
molds. Metal molds can be processed by computer numerical control (CNC) machining,
laser ablation, electroplating, or patterning silicon wafers. [16] Although hard molds can
withstand high working pressures and temperatures, endure a long life span, it consumes
lots o f investment and time to make them. Soft molds are fabricated with several resin
casting processes, which involve replicating primary molds [19]. They are limited for
only embossing materials with relatively low glass transition temperature (Tg) compared
to the one of the resin itself. The multi-step replication brings diverse techniques into the
fabrication process, creating a bigger accumulated error. Furthermore, the thermal
conductivity of pure polymer molds is low, and that contributes in a higher probability of
failure in hot embossing.

Thus, a rapid, simple approach to fabricate durable and cost-effective master molds for
hot embossing lithography is targeted for this research. This chapter explores the
feasibility o f an innovatively hybrid mold consisting o f a polymer layer (negative
photoresist SU-8 ), a thin copper (Cu) film and an anti-sticking layer. Up to now, SU- 8
plays an important role in the fabrication of complex geometrical, high aspect ratio
structures with the conventional photolithography technique. Once SU- 8 resin is
patterned and developed, its hardness can stand out from other kinds o f polymer. It also
shows good elastic properties with no ductile failure when fully polymerized [60], These
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features make SU - 8 resist an important material for the use in micromachining and
micro-fluidics. Edwards et. al [61] used SU - 8 as a tool for injection molding and
replicated parts in polycarbonate and polypropylene. As pure polymer molds bear with
low thermal conductivity, our solution is to wrap the structured SU - 8 molds with thin Cu
films to increase and uniform their thermal development. Meanwhile, the self assembly
monolayer (SAM) of low surface energy molecules grows perfectly on the copper film as
an anti-sticking layer (ASL), improving the quality o f demolding. The following sections
will explain how this innovative mold was made.

3.2 Construct Mold Structure Using SU-8 Resist

3.2.1 The Nature of SU8 Resist
SU - 8 resist is a type of commonly used epoxy-based negative photoresist, which has been
originally developed and patented by IBM in 1989 (US Patent No. 4882245). Due to its
ability of providing a high-resolution shielding mask for fabricating semiconductor
devices, SU - 8 has been developed as a standard photoresist in microelectronics industry.
It is now mainly employed in the fabrication of microfluidic devices and bio-MEMS [6263] because o f the stability and biocompatibility o f the construction materials.

SU - 8 resist consists of three basic components: 1) An epoxy resin. 2) A colorless liquid
organic solvent with a peppermint-like odor, called cyclopentanone. 3) A photoacid
initiator extracted from the triarylium sulfonium salts. Figure 3.1 described the molecule
structure
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Figure 3.1 SU - 8 molecule with epoxy groups. The epoxy resin forms a ladder-like
structure with a high cross-linking density after crosslink. A single molecule contains

8

epoxy groups on average, hence the “ 8 ” exists in SU-8 .

of SU - 8 resist. Original SU - 8 resist is a polymer with high viscosity. It can be spun or
spread over a flat substrate with a thickness ranging from

0 .1

pm up to

2

mm under

different speed controls, and capable of being processed with standard photolithography.
[64] The spun photoresist should be exposed under ultraviolet (UV) light with a
wavelength o f 365 nm where the photoresist is the most sensitive. The combination o f the
UV light and the baking treatments would cross link SU- 8 resist’s long molecular chains,
solidifying SU - 8 resist. The chemical reaction during the exposure is described by the
Figure 3.2 below:

Upon absorbing UV light, a photoacid of H+A' is a product in the photochemical reaction
occurred in fixing the photoresist film. The generated photoacid catalyzes the subsequent
crosslinking reaction in the following post exposure bake (PEB) process. On the contrary,
the unexposed resist, which does not create photoacid catalyst, stays the liquid state. The
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baking step is armed at rising up temperatures, accelerating the molecular motion and
speeding the cross-linking reaction from a slow speed, because the reaction kinetics of
the cross-linking mechanism is very slow at room temperature. [65]

Light
--------*►H+A + Sideproducts
(Acid)

Figure 3.2 Photo imaging mechanism during the exposure. This figure is reproduced from
[65].

In the final step, the uncrosslinked photoresist is washed away, while the other part is
kept as the structure. In addition, if the photoresist structure is utilized under relatively
high temperatures, a hard baking process should be applied to strengthen SU - 8 structures.

After exposing, baking and developing, the SU - 8 resist forms a highly cross-linked
structure, turning the liquid state to the solid state. The aspect ratio of the SU - 8 formed
structures is up to

20

where the width is

20

pm, and chemicals and radiation damages can

be avoided as well [6 6 ]. Table 3.1 presented main physical properties o f the SU- 8
photoresist.
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Table 3.1 Physical properties of the SU - 8 photoresist
Characteristics

Value

Modulus o f elasticity : E

4.02 GPa
4.95± 0.42 GPa
4.4 GPa

Poisson ratio
Plastic domain limit
Friction coefficient: p
Bond strength

Glass transition
temperature: Tg

0 .2 2

‘no’ plastic
domain
observed

4.8 ± 1.2 MPa
5.6 ± 2.5 MPa
12.1 ± 2.8 MPa
20.7 ± 4.6 MPa
~50°C

~55°C
Degradation temperature:
Td

~380°C

52.0 ±5.1
ppm/K
Coefficient of thermal
expansion: CTE

hardbaked at 200°C, sample
pulled until fracture

0.19

>200°C

30 ppm/K
21 ppm/K

Thermal conductivity

0.2 W/mk

Polymer shrinkage

7.5%

Conditions
In tension,
postbaked at 95°C,
Screw tensile testing machine
hardbaked at 300°C,
beam deflexion test
Postbaked at 200°C
SM blend
Postbaked at 95°C,
SM blend

postbaked at 95°C, pin-ondisc installation ( 1 0 g load)
on Au, Instrom pull test
on Ti, Instrom pull test
on Al, Instrom pull test
on Si, pull test
unexposed film
fully crosslinked film (hard
baked)
MCC blend before PEB
fully crosslinked film (hard
baked)
SM10#0 postbaked at 95°C,
thermal cycling test on Si
wafer
SM2050 with 50% filler in the
blend
SM2070 with 70% filler in the
blend
general value for
thermoplastic not for SU - 8
postbaked at 95°C

Reference
[67]
[6 8 ]

[6 8 ]
[67]
[67]
[69]

[701
[70]

[70]

[71]
[72]

[73]
[73]

Refer to Table 3.1, elastic modulus of hard-baked SU - 8 resist is 4.95 ± 0.42 GPa, which
is much higher than most of the modulus o f thermoplastics including PMMA when they
are subjected to glass transition temperature which drives PMMA into a molten state. The
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glass transition temperature o f cross-linked SU - 8 resist is approximately 230°C, but it
happens rarely. There is not much flow in SU- 8 resist after processing due to the high
density o f crosslinking in SU-8 , even at high temperature o f 230°C. In terms of SU - 8
substrates selected to build structures on, silicon wafers have been considered as the high
bond strength (20.7 ± 4.6 MPa). In contrast, the pressure of 4.8 ± 1.2 MPa is required to
pull SU - 8 structures up from a gold (Au) substrate. [69]

The whole process o f patterning SU- 8 should be operated in adequate ventilation to avoid
breathing vapors or mist, so that the SU - 8 part of the mold master was fabricated in Clean
Room. Unprocessed SU - 8 resist should be stored upright in tightly closed containers in a
cool, dry environment away from direct sunlight at a temperature of 4-21°C. SU - 8 resist
can be discarded with other waste (e.g. isopropyl alcohol (IPA)) that comprising similar
organic solvents.

3.2.2 SU8 Sample Preparation
Fabrication o f hybrid molds involves three steps:
1.

Patterned SU - 8 polymer structures with photolithography technique, in which 2D
patterns on photomasks were transferred to 3D microstructures of SU - 8 resist on
Silicon wafers;

2.

Sputtered a thin film of copper with a thickness of 100 nm over the SU - 8 structures;

3.

Coated an anti-sticking layer on the metal film using surface modification with
Trichloro( 1H, 1H,2H,2H periluorooctyl)silane.

-
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The process guideline in Figure 3.3 breaks down the steps used to construct SU- 8
structures. Our designed SU- 8 structures were built up from the starting point following
this flowchart.

Coat

Substrate Pretreat

Soft Bake

Expose

*

>f
Hard Bake

«—

Rinse & Dry

<—

Develop

Post Expose Bake

Figure 3.3 The flowchart of fabricating SU - 8 structures with photolithography technique.

Silicon Substrate Pretreatment:
To obtain maximum process reliability, the substrate (silicon wafer in our case) should be
clean and dry prior to applying SU - 8 resist. The clean-up procedures started with an
oxygen plasma treatment which removed hydrocarbon contaminants, followed by rinsing
with IPA and de-ionized (DI) water, and nitrogen blow drying. Thereafter, the cleaned
wafer was dehydrated on a hotplate with a temperature of 200°C for 5 min.

SU-8 coating:
Spinning speed drives SU - 8 resist to form films with different thicknesses. The SU- 8
resist used in this project was provided by Microchem. SU - 8 3010 was chosen to reach
the dimension, making the photoresist mold. The parameters of spinning speed related to
film thickness are also available from the photoresist vendor. The spinning thickness is
sensitive to temperature, humidity etc. Therefore, experimental data was collected to
reveal the relationship of coating thickness and spin speeds (Figure 3.4).

-
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The recommended coating conditions are:
(1) Static Dispense: Approximately 1 ml o f SU - 8 per inch of substrate diameter.
(2) Spread cycle: Ramp to 500 rpm at 100 rpm / sec acceleration within 5 sec.
(3) Spin cycle: Ramp to final spin speed at an acceleration o f 300 rpm/second and hold
for a total of 30 sec. For example, the spin speed of 1000 rpm results into a thickness of
25pm.
The negative photoresist (SU - 8 3010) was spread at 500 rpm for 5 sec, and then was spun
at 1000 rpm for 45 sec on the wafer using spinner Solitec 5110.

Spin Speed (rpm)
Figure 3.4 Spin speed vs. thickness for SU - 8 3010 resist
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Soft bake:
After distributing the photoresist on the substrate, we baked it softly on a level hot plane
to evaporate the solvent and densify the coating film, which is called soft bake. Prior to
applying soft bake, the soft bake temperature was started a lower initial point and then
slowly ramped up to the designed value. That allows the solvent to evaporate out of the
film at a more general rate, resulting in less bubbles, better coating fidelity and better
resist-to-substrate adhesion. Table 3.2 provided recommended parameters in the contact
soft bake process. Considering the thickness was designed as 25 pm, 12 min soft baking
was applied.
Table 3.2 Soft Bake Times (reproduced from [74])
Soft Bake Time
Minutes at 95°C
2-3
5-10
10-15
10-13
15-45

Thickness
microns
4-10
8-15
20-50
30-80
40-100

Exposure:
A photomask is required to assist UV lights with generating photoacid catalyze in the
procedure of exposure. The high-resolution (2000DPI) photomask used in our case was
provided by CAD/Art Service Inc, comprising opaque patterns and transparent patterns.
UV lights only go through the transparent regions and form an array o f UV beamlets that
expose portions of the negative photoresist. Karl Suss MA 6 Mask Aligner was used in
this fabrication to align the sample and photomask while providing parallel light source
(Figure 3.5). The illumination system, which consists o f an ellipsoidal reflector, two
optical integrators, a condenser and a front lens, is the crucial tool in photolithography
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technique. The first optical integrator (Figure 3.6) comprises an array o f pyramids that
can redistribute UV lights in the secondary focus. The second optical integrator (Figure
3.6) is an array o f lens used for Köhler integration. After propagating along this optical
system, UV lights become parallel and irradiate the photomask perpendicularly,
eventually reach the sample. In this scenario, the proximity gap between the photomask
and the sample surface must be as small as possible (Figure 3.7) to reduce diffraction
errors, as the incident beamlets are hard to be completely parallel. The consequence is
that the exposed area is larger than what it was supposed to be.

Since SU - 8 resist is optimized for near UV (350 nm - 400 nm) exposure, 1-line (-365 nm)
tools are usually recommended [75] because SU - 8 is virtually transparent above 400 nm.
The exposure recommendations in Table 3.3 are based on source intensity measurements
taken with an i-line radiometer and probe. Based on the suggested exposure dose, control
experiments were carried out to figure out the accurate dose for specific thickness o f SU8

layer. In addition, the exposure dose varies with respect to different substrate materials

as well. (
Table 3.4) The SU - 8 molds in this project were coated on silicon wafers with a thickness
of 25 pm, and the layout of the photomask is shown in Figure 3.8. The relevant exposure
time was 33 sec (UV intensity

6

mw/cm ), so the exposure energy was 198 m J/cnr.
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Figure 3.5 Karl SussMAó Mask Aligner for photolithography

Ellipsoidal Reflector

Shutter

Ist Integrator

2nd Integrator
Light Sensor
Mirror

Cold Light Mirror

Front Lens
Condenser Lens
1st Integrator

2nd Integrator

Mask& Wafer

Figure 3.6 Schematic of optical system inside the mask aligner. This figure is reproduced
from [76]

Figure 3.7 Mechanism of light diffraction affecting lithography resolution
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Table 3.3 Exposure Dose for different film thickness (reproduced from [74])
Exposure Energy
mJ/cm 2

Thickness
microns
4-10
8-15
20-50
30-80
40-100

10 0 -2 0 0

125-200
150-250
150-250
150-250

Table 3.4 Exposure Dose for Substrates (reproduced from [74])
Relative Dose
IX
1.5X
1.5X
1.5X
1.5-2X
1.5-2X
1.5-2X
1.5-2X
1.5-2X
1.5-2X
1.5-2X

Silicon
Glass
Pyrex
Indium Tin Oxide
Silicon Nitride
Gold
Aluminum
Nickel Iron
Copper
Nickel
Titanium

Figure 3.8 The layout o f the photomask.
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Post Exposure Bake (PEB)
Following exposure, a post exposure bake (PEB) should be performed on a hot plate to
selectively crosslink the exposed parts of SU - 8 resist. To minimize stress, wafer bowing
and resist cracking, a two-step heating process, as shown in Table 3.5, is recommended,
in which the temperatures and baking times are based on results obtained with contact hot
plate. The baking time depends on the thickness of the photoresist film. The height of our
designed structure was 25 pm, locating in the range from 20 pm to 50 pm. Therefore, 1
min baking at 65°C was applied, following 3 min baking at 95°C. These experimental
parameters were also examined with control experiments, as it varied under distinct
conditions. In addition, careful adjustment of the exposure dosage and PEB process
produces optimum crossl inked density.

Table 3.5 Post Exposure Baking Times (reproduced from [74])
Thickness
microns
4-10
8-15
20-50
30-80
40-100

PEB Time
(65°C)
Minutes

PEB time
(95°C)
Minutes

1

1-2

1

2-4
3-5
3-5
3-5

1
1
1

Develop
The photoresist structure does not appear until using a solution of the SU - 8 developer to
wash unexposed photoresist away. In our process, the SU- 8 photoresist were immersed in
MicroChem’s SU - 8 Developer while employing appropriate agitation manually. The
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immersion time was controlled within

6

minute according to the recommendations given

in Table 3.6. The develop time is only an estimated value, as actual dissolution rates have
connections with the agitation rate, temperature and resist processing parameters. If the
sample is overdeveloped, the SU - 8 becomes brittle and has the probability of lifting from
the substrate. The accomplishment of development can be identified visually. Once there
is no more SU - 8 dissolved from the structure, the wafer substrate is visible with its
original polishing blare. A dual development treatment o f washing with fresh developer
solution for another 30 sec was applied after taking the sample out from the developer
bath.

Table 3.6 Development times for SU - 8 photoresist under different thicknesses
(reproduced from [74])

Thickness

Development Time

Microns

Minutes

4-10

1-3

8-15

4-6

20-50

5-8

30-80

6 -12

40-100

7-15

Rinse and Dry
The wafer should be rinsed carefully with IPA and DI water, and dried with a gentle
stream of air or nitrogen after developing. Rinsing is also able to check if the wafer

-
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has been developed well or not by reading the color of the film. It is an indication that the
wafer should be developed longer when the film turns into white. The white film is
undissolved and uncrosslinked SU - 8 resist. In that situation, immersing or spraying the
wafer with SU - 8 developer again can completely remove the unwanted components. The
silicon wafer with expected SU - 8 structures was demonstrated in Figure 3.9.

SU-8 pattern

Wafer
Figure 3.9 Patterned SU - 8 mold on a silicon wafer

Hard Bake
Refer to Table 3.1, modulus of elasticity o f SU - 8 increases to 4.95± 0.42 GPa from 4.02
GPa after hard bake. We applied the hard bake treatment to cure SU - 8 resist for a
stronger elastic property. The photoresist structure is supposed to be baked at the
temperature of 300°C on a hot plate or in a convection oven to further cross link the
material.
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3.3 Mold Metallization Process
In order to enhance thermal conductivity o f the hybrid mold, the polymer molds were
metalized by applying metal sputtering. As an advanced physical vapor deposition (PVD)
technique, sputtering has gained popularity in the fabrication of semiconductors, optical
devices etc. The main principle is ejecting metal ions from a target (source) towards a
substrate (silicon wafer). In detail, the substrate is placed on a holder in the vacuum
chamber, and the chamber is pumped down to the process pressure. A negative charge,
which causes the imported gas to be at the plasma state, is applied to the target material.
Positive charged gas ions are attracted to the target plate used as the cathode in high
speed. A momentum alteration occurs during collision, and atomic size metal ions would
be ejected from the target. These metallic ions arrive at the substrate and condense as a
film (Figure 3.10). Due to the force knocking out the target atom is considerably big and
able to accelerate the target atom to a high speed, the target atom can hit and attach to
substrate deeply, resulting in an excellent film density. In addition, sputtered films have
advantages such as advanced uniformity, purity and adhesion.
Substrate / Anode

Background gas
Neutral target atom
0

Electron

4 1 Ionized atom
Target/Cathode

Figure 3.10 Schematic of sputtering mechanism
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Figure 3.11 Photograph o f Edwards Auto500 Sputter Deposition System. This figure is
reproduced from [77]
In our experiments, copper (Cu) has been chosen as the metallization material because of
its high thermal conductivity. Another important factor o f selecting Cu is that it can serve
as a good substrate for the following anti-sticking process. In the starting step, an
adhesion layer of 5-10 nm chromium was deposited onto the surface of crosslinked SU - 8
in the chamber o f Edwards Auto500 Sputter Deposition System (Figure 3.11) with
background pressure of 2><10bar. Successively, a layer of 100 nm copper was deposited
onto the chromium layer to form a completed metallization layer. The sample substrate
was rotated at ~ 1 0 rpm to ensure uniform deposition. Figure 3.12 presents the actual

-
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mold with copper coating used in our case. Sputtering is not an anisotropic coating
process, so the metal film covers all the surfaces of the sample. Therefore, the polymer
mold and silicon substrate are merged into a uniform metal mold.

3.4 Surface Modification
One o f the most important tasks for thermal imprint technique is to provide master molds
with good anti-sticking surface properties which allow viscous polymer to flow smoothly
in contact with the metal surface and get the de-embossing process done perfectly.
Moreover, master molds should be easily detached from those surfaces o f replicates. An
anti-sticking coating has to be chemically inert and hydrophobic, staying stably while
presenting low surface energy. Apart from improving de-embossing quality, the lifetime
o f master molds can be significantly increased by preventing surface contamination and
structural damage because o f such lower surface energy layers.
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The quality o f the anti-sticking layer plays a vital role in protecting the integrity of the
molded structure during demolding. Here, Cu is chosen to form the metal layer and silane
is designated as the anti-sticking coating. One of the major advantages of using Cu
wrapped molds as masters for thermal imprint technique is that they can be oxidized into
copper oxide (CuO), which can form a stable anti-sticking film through covalent bonding
between CuO and silane, although silanes are used on silicon master molds or on SiC>2 intermedia metal molds in tradition. Fluorinated trichlorosilanes with different carbon
chain lengths are commonly used due to their low surface energy, high surface reactivity,
and high resistance against high temperatures and pressures [78]. They can keep excellent
performance under multiple, long embossing sequences with repeated temperature cycles
higher than 200°C [79]. As long as mechanical abrasion can be avoided, the silanes can
improve the performance o f a silicon master mold during its normal-use lifetime [80].

The silanes coating can be performed by immersing molds in a solution of organic
solvent, or using chemical vapor deposition (CVD). The CVD process is accomplished at
ambient pressure by heating the silane on a hot plate or applying a moderate vacuum of a
few mbar. However, the anti-sticking layer produced by the solution method forms a
smoother coating than CVD technique. Therefore, solution based surface modification
method is employed in this research.

The utilized alkylsilane molecule is Trichloro(lH,lH,2H,2H perfluorooctyljsilane
(PFOS), which consists of a trail with a trifluoromethyl (-C F 3) group at the terminal end
for minimizing the surface energy and the head group for chemisorbing on the target
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surfaces. The PFOS/Cu SAM is chemisorbed onto the oxidized Cu surface via a
siloxyscopper (-Si-O-Cu-) bond. Chlorosilanes are rapidly hydrolyzed by water and form
silanols:[81]
- S i - C l + H 20 - > - S i - O H + H C i
Trichloro( 1 H, 1 H,2 H,2 H perfluorooctyl)silanol (CF3(CF2) 5 CH2CH2S iO H ) 3 ) undergoes a
condensation reaction with copper hydroxide (CuOH) presented

on the oxidized Cu

surface to form a siloxy-copper bond on the oxidized Cu surface :
CF3(CF2)5CH2CH2S i - O H + O H - C u - ->CF3(CF2)5CH2CH2S i - 0 - C u In detail, the SU-8 /Cu mold was cleaned with IPA and DI water for 10 min each, and
blown dry. It was exposed to a 10% aqueous H2 O2 solution for 10 min at room
temperature, and then immersed into a 0.1% (wt) PFOS solution where hexane was the
solvent. Right after the condensation reaction, the mold was rinsed under the flowing
hexane solution for 30 sec and blown dry gently, resulting to stable PFOS/Cu SAMs. [8283]

Figure

3.13

shows

a

proposed

schematic

representation

of

Trichloro(lH,lH,2H,2H-perfluorooctyl) siloxy-copper bond for the PFOS/Cu surface.
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Figure 3.13 Fabrication processes o f hybrid molds, (a) Standard photolithographic
operation of negative photoresist SU-8 , (b) Crosslinked SU - 8 as a polymer mold, (c)
Sputtered a thin film of Cu contributing to good thermal conductivity, (d) Formed an
anti-sticking layer on the gold surface.

3.5 Conclusions
In this chapter, an innovative fabrication method o f hot embossing master molds
comprising a layer o f SU - 8 structure, a layer o f copper, and a layer of anti-sticking
chemical is introduced. The negative photoresist SU - 8 was patterned on silicon wafers to
form structures with conventional photolithography technique. On top o f the patterned
SU-8 , a thin film of copper was deposited as a functional layer for enhancing the thermal
conductivity during the hot embossing process. A second functional layer was an anti
sticking layer formed by the reaction of Trichloro(lH,lH,2H,2FI-perfluorocty)silane with
the oxidized copper layer. Without further replication steps or electrodeposition
procedures, these three layers built up a robust hybrid mold mounted on a silicon wafer.
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Chapter 4
Quality Characterization
4.1 Introduction
The SU-8 structure, the thin metal layer and the anti-sticking layer together are composed
of a robust hybrid master mold mounted on a silicon wafer without further replication
steps or electrodeposition procedures. Each component contributes to the characteristics
of the hybrid mold. The data of contact angles and adhesive forces were obtained when
the molds did and did not comprise anti-sticking layers (ASLs). The contribution of metal
layer was shown in contrast experiments. The unitary performances of hybrid molds were
demonstrated in hot embossing experiments, where microstructures were replicated in
polymethylmethacrylate (PMMA) substrates. The profile data of the master molds and
the replicated microchannels were collected and compared. Finally, the durability of
hybrid molds was also examined through repeated trials until the molds failed.

4.2 The Evaluation of Anti-sticking Layers
Two individual methods were employed to characterize the surface property change
under the effect o f ASLs. Contact angle measurement described how the surface energy
o f the hybrid master mold was reduced, and the force curves of atomic force microscopy
(AFM) indicated the qualitative decrease o f the adhesive force of the mold surface.
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4.2.1. Contact Angle Measurement

The surfaces of master molds with anti-sticking coating should be inert, which can be
shown by the degree of contact angle. When a droplet of liquid is in contact with a solid
surface, it is observed that the droplet disperses over the surface due to adhesive forces on
the interface of liquid and solid. Meanwhile, the droplet intends to shrinks and forms a
ball shape surface to maintain the lowest potential energy under cohesive forces inside
the liquid. The contact angle (0), due to the balance of adhesive force and cohesive force,
as seen in Figure 4.1, is a quantitative evaluation of the wetting of the solid, indicating
the surface energy. Contact angle less than 90° is defined as small contact angle, while
contact angles greater than 90° is called big contact angle. Small contact angle usually
indicates the surface energy is relatively high and the fluid can expand over a large area
of the surface. On the contrary, big contact angles generally means that the surface
energy is low and the solid surface can hold back wetting by repelling the liquid droplet.
Table 4.1 summarized four levels of contact levels. Low surface energy is able to
decrease the interactions between master molds and melted construction materials of
PMMA in the hot embossing process, minimizing de-embossing forces and damages.

Figure 4.1 Contact angle of a liquid droplet wetted to a rigid solid surface.
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Table 4.1 Summarized four levels of contact levels.

Degree of wetting
Perfect wetting

0 < 0 < 90°

High wettability

90° < 0 <180°

Low wettability
Perfectly non-wetting

o
O
oo
II
<x>

Contact angle
0 -0

Surface Engergy of Solid
strong
strong
strong
weak
weak

There are a variety o f contact angle measuring methods, including the static sessile drop
method, the dynamic sessile drop method, dynamic Wilhelmy method, single-fiber
Wilhelmy method and powder contact angle method. The static sessile drop method
performed with a Goniometer (Figure 4.2 (a)), which can present visual contact angle
results, was applied in this project. The ultrapure water droplets were deposited by a
syringe pointed vertically toward the hybrid mold surface, and a high resolution camera
was used to capture the images, which could then be analyzed by eye through a protractor
installed in the camera. Measurements were taken on molds with and without ASL
separately. All the data was collected at relative humidity o f 75% - 90% and temperature
of 20°C - 25°C, and the sessile drop static contact angles have an absolute error or
uncertainty of ±1°. Two contact angle results were presented in Figure 4.2 (b) - (c).
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Figure 4.2 (a) The goniometer used to measure contact angles, (b) The static contact
angle on the Cu coated mold without anti-sticking layers was 59°. (c) The static contact
angle on the Cu mold with a 30-min anti-sticking treatment was 135°.

It was read that the contact angle of the 30-min anti-sticking modified surface was 135°,
which was much higher than the one without ASL (59°). In addition, the histogram in
Figure 4.3 presented a straightforward comparison of how the period o f the anti-sticking
coating treatment impacted on the surface energies of copper (Cu) layer. A series of
immersing times were investigated and the results were compared. The contact angle of a
water droplet dramatically changed from 59° to 90° after immersing the sample in the
anti-sticking solution for 10 min. The growth of the contact angle, from 90° to 130°, was
considerable in the situation o f extending the sample immersing time to 20 min. However,
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the contact angle slightly rose to 135° after the mold was sunk within 30 min. It was not a
big jump for contact angles when reaction time was extended from 20 min to 30 min.
Therefore, 20 min processing time was employed in our following work, balancing anti
sticking performance and time consumption. In addition, the duration of anti-sticking
treatment was examined as well. The modified samples were kept in a clean and dry
container for 24 hrs and tested again. The data were the same as the one obtained from
fresh sample with standard deviation of 2%, and that proved the durable adhesion
between the ASL and the Cu layer.

Non-Coating/Cu

10m in-Coating/Cu 20m in-Coating/Cu 30mln~Coating/Cu

Figure 4.3 The histogram of water contact angles on four differently surface-moldified
samples. The contact angles of anti-sticking coated surfaces were larger than the one
without coating. The longer the coating time was, the larger the contact angle would be.

- 54-

4.2.2. Adhesive Force Measurement with Atomic Force Microscope
Anti-sticking modification is supposed to change the topography o f the mold surface.
Due to the limited height o f ASLs, typically at the order of nanometers, AFM has been
considered as a suitable measurement tool in the morphological and structural
investigation of ASLs.

AFM is a scanning probe microscopy with demonstrated high resolution at the order of
fractions o f a nanometer. As the AFM is one o f the foremost tools for imaging,
measuring, and manipulating matter at the nanoscale, it was employed in this project to
depict the change of surface topography, reflecting how surfaces were modified by ASLs.

Imaging and roughness evaluations were carried out on a Digital Instruments/Veeco
Nanoscope with dimension module in tapping mode with a silicon nitride tip (k = 0.2
N/m). The tip is installed in an AFM tip holder which contains a small piezoelectric
element. In tapping mode, the small piezoelectric element oscillates the tip up and down
near its resonance frequency. Interaction o f forces (Van der Waals force, dipole-dipole
interaction, electrostatic forces, etc.) exert on the cantilever when the tip approaches to
the surface, and that make the amplitude o f this oscillation decrease. The height of the
cantilever above the sample is controlled by a piezoelectric actuator, which is driven by
an electronic servo. Adjusting the height, a specific cantilever oscillation amplitude is
maintained when the cantilever is scanned over the sample. A tapping AFM image is
therefore produced by mapping the force o f the intermittent contacts of the tip with the
sample surface.

- 55 -

High resolution AFM images and roughness data of the Cu surfaces were shown in
Figure 4.4 and
Figure 4.5. The mapping was performed over the area of 3.0x3.0 pm , under the
atmospheric pressure and at room temperature o f 25°C. It is that obvious the mold
surfaces were changed a little due to the reaction with PFOS. The height of cross-section
image Figure 4.4 (c) is in the range o f ±5 nm while the
Figure 4.5 (c) has a height range o f ±30 nm. The change is reasonable as a chemical layer
was formed. Furthermore, the roughness data presented in Table 4.2 indicated the
formation of the ASL.

Figure 4.4 (a) and (b): AFM topography images o f a 3.0x3.0 pm area for unmodified
mold surface, (c) The cross-section profile o f the unmodified mold surface.
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Figure 4.5 (a) and (b): AFM topography images o f a 3.0x3.0 pm" area for modified mold
surface, (c) The cross-section profile of the modified mold surface.

Table 4.2 Roughness data of unmodified mold surface and modified mold surface.
Without ASL

With ASL

Roughness ms

1.74 nm

8.69 nm

Roughness mean

1.38 nm

6.38 nm

The effect o f ASL was also quantitatively characterized by studying the change of
adhesive forces which were detected in AFM system by approaching and lifting Cu frontcoated tips with and without ASL respectively on PMMA substrate. The principle of
adhesive force measurement is illustrated in Figure 4.6. The AFM tip was capable of
probing an extremely small interaction area, and has a high sensitivity to catch small
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force response. The loading curve (from A to C) corresponding to tip approaching is used
to calibrate the forces applied on the substrate. The unloading curve (from D to F)
presents the force lifting the tip off the indented substrate. Indeed, the total adhesion can
be estimated through the complete force required to retract the tip. Detached force
depends on van der Waals force and capillary force, and possible chemical bonds
between the tip and the substrate. It is pre-requisite to calibrate the deflection sensitivity
of a force curve. The deflection sensitivity is related to many factors, such as the position
o f the laser spot on the cantilever or the type of cantilever employed, thus, it is needed to
calibrate the sensitivity each time the probe was withdrawn.
Force

1

1

t

t

1 Samole Surface 1

1Samole Surface 1

D & E

F

^
1 Sam D ie Surface 1
A

1 Samole Surface 1
B

1Sam ole Surface 1
C

Figure 4.6 Schematic of the surface adhesive force measurement using atomic force
microscopy (AFM)

Adhesive force tests were conducted on a Digital Instruments/Veeco Nanoscope with
dimension module. Approach and retract forces were measured on PMMA using square
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pyramidal silicon nitride (Si3 N 4 ) tips (k=0.2N/m), and each tip was modified with a Cu
layer in front side to simulate the properties of hybrid molds (Figure 4.7). The force curve
was calibrated on a hard material, mica sample in our case. We assumed there was no
penetration into the sample and the deflection sensitivity was 63.03 nm/V as well as
spring constant was 0.3445 N/m.

Figure 4.7 (a) The square pyramidal silicon nitride tip used in adhesion force detection.
The tip was coated a thin Cu layer and an anti-sticking layer, (b) The zoom-in image of
the AFM tip.

Adhesive force measurement results show that a remarkable reduction in adhesive force
on the Cu tip coated by PFOS comparing to the force obtained by the one without PFOS
coating. Figure 4.8 and Figure 4.9 illuminates the adhesive forces which were required to
rise the bare Cu tip and PFOS/Cu tip up from the PMMA substrate, respectively. The
adhesive force of PFOS/Cu tip in Figure 4.9 was one tenth of the one of Cu tip in Figure
4.8. Indeed, detached force was decreased drastically by 93% from 154.17nN on Cu tip
with no ASL layer to 10.81nN on Cu tip carrying ASL layer. Each adhesion force test
was performed on six individual samples and all results were listed in Table 4.3. A
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histogram o f Figure 4.10 presented a straightforward comparison o f adhesion forces. A
significant reduction in adhesive force is observed for PFOS/Cu tip when compared to
unmodified Cu tip.

Figure 4.8 Load curve on PMMA detected by the uncoated Cu-surface AFM probe.

Figure 4.9 Load curve on PMMA detected by the Cu-surface AFM probe with ASL
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Table 4.3 The data o f adhesion force tests.
AFM tip
Without
ASL
With
ASL

Average

Sample
1
150 nN

Sample
2
142 nN

Sample
3
168 nN

Sample
4
172 nN

Sample
5
137 nN

Sample
6
156 nN

154.1 nN

10.1 nN

8.83 nN

8.01 nN

11.3 nN

12 nN

11.7 nN

10.8 nN

Cu

PFOS/Cu

Figure 4.10 The histogram of adhesive forces. The adhesive force o f the Cu surface
modified with PFOS, 10.8 nN, was one tenth of the one without PFOS treatment, 154.1
nN.

4.3 Hot Embossing Lithography Performance

4.3.1 Experimental Set-up
The motivation of fabricating the hybrid mold is to optimize the outcomes of hot
embossing lithography, thus, a series o f hot embossing experiments were conducted to
validate the quality of the mold. A digital load cell E-Z press from International Crystal
Laboratories was untilized in our work to perform the evaluation o f hot embossing
lithography. The experimental system not only can heat up the mold and the polymer
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substrates simultaneously, but is also able to apply vertical pressure by landing down the
top hot plate, where the mold is attached, against the bottom heated plate, where the
PMMA substrate is placed. The schematic of the system and working mechanism are
shown in Figure 4.11.
Driving Unit
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(b) Plate Heating & Embossing

(c) Plate Cooling & De-embossing

Figure 4.11 (a) The schematic of Hot Embossing System; (b) Process scheme of Hot
Embossing Lithography using a mold.

4.3.2 Optimization of Embossing Parameters
The embossing temperature (Temb)> the compressing force (Pemb), the time distribution
(temb) and the de-embossing temperature (Tde_emb) are the key drivers in achieving highquality thermoplastic lithography. Any parameter of these four would directly impact on
the embossed plastic pattern.

A series o f pre-tests were conducted in this case, determining and optimizing the
processing parameters. In fact, these parameters are in a complicated relationship and the
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first operational parameter to be determined is Temb- Experiments were carried out on the
construction materials, PMMA (Sigma-Aldrich, St Quentin Fallavier) [Mw=15 Kg/mol,
entanglement molecular weight (Me=10Kg/mol), bulk Tg=96°C]. The bulk viscosity (rjbuik)
measured on macroscopic pellets by oscillatory frequency sweep is 1.2x10 Pa-S at
120°C, while it is 4.5*105 Pa-S at 130°C by oscillatory strain sweep.[l] Since the
physical state of PMMA is changed from being solid to being rubbery at the temperature
which is over Tg, the embossing temperature has to be higher than 96°C. However, to
avoid significant plastic bum in the non-vacuum embossing equipment and gain the low
viscosity, i]o, which increases the ability of chains to move freely, the ultimate
temperature was pinpointed at 130°C.

After identifying an optimal Temb, effect o f Pcom was investigated by experiments as well.
In the force pre-test experiments, a stack including a mold and a piece o f PMMA chip
and two additionally compliant substances, which in our case were two PDMS layers
bigger than the mold and the PMMA chip, was placed in the hot embossing machine.
These two PDMS layers were mounted on the back sides of the mold and PMMA chip
separately in order to guarantee uniform pressures, and prevent inconsistency in channel
depths.[2] Three sets of different Pcmb were loaded against the PMMA chip at Temb of
130°C. SEM images o f Figure 4.12 (a) and (b) illuminate that lower Pemb (45 MPa, 90
MPa) was insufficient to achieve complete edges filling. The corresponding profiles of
Figure 4.12 (a’) and (b’) presented poor wall curves o f the edges. At Pemb of 180 MPa, a
faithful m otif replication was observed in SEM image o f Figure 4.12 (c). Figure 4.12 (c’)
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showed a straight profile as well. Therefore, the pressure o f 180 MPa was applied in
following study.

Width Gim)
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Figure 4.12 Effect of compressing forces. The embossing parameters were: (a) Temb =
130°C, temb = 5 min and Tde-emb = 70°C, Pemb= 45 MPa; (b) Temb = 130°C, temb = 5 min
and Td = 70°C, Pcom= 90 MPa. (c) Temb = 130°C, temb = 5 min and Td = 70°C, Pcom= 180
MPa.
The hot embossing process is used to transfer microstructures into a polymer film, which
is heated above its glass transition temperature (Tg). Pemb should be held for a while to
force the visco-elastic rubbery opened and make the protuberance part of the mold sink
into the PMMA. In this compressing span, the viscous PMMA flows along the mold,
filling its cavities. Choosing an appropriate temb, therefore, is critical for high fidelity and
high accuracy produced by hot embossing lithography. In order to determine an optimal
temb, we tested 5 different periods under the identical Temb(130°C) and Pemb (180MPa),
visually evaluating the effect of embossing time through the figures of SEM. The temb
investigated were 1 min, 3 min, 5 min, 7 min and 10 min. The cavity was filled more
fully along with the time increased. Two representative SEM images of temb of 1 min and
10 min were presented in Figure 4.13. The embossed pattern in Figure 4.13 (a) did not
reach the designed height while it was achieved in Figure 4.13 (b) under temb of 10 min.
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As it was the only different parameter in experiments, it is stated that temb affects the
extent o f mold cavity filled. In the following experiments, temb of 10 min was chosen.

Poor

Good

Figure 4.13 (a) The SEM image o f structures with poor cavity filling with temb of 1 min.
(b) The SEM image of structures with good cavity filling with temb of 10 min.
The final step in hot embossing lithography is to remove the master mold from the
molded thermoplastics. Some papers indicated the quality of embossed features depends
on the unloading o f Pemb and the fading of Temb-[3-4] Two representative de-embossing
processes are introduced and compared here. In the first case, the mold and the replica
were cooled from the Temb to room temperature, while Pemb gradually relaxed and was
unloaded by itself due to the shrinkage o f thermoplastic at relatively low temperatures.
During the cool down process, the replica was still in contact with the mold, but they
were not in tight contact. It was found that ridges were formed at the gap formed between
the mold and the replica by the lateral compression of the polymer. Figure 4.14 presented
a ridge o f polymer developed along one edge of the feature de-embossed with this
procedure. The corresponding profile in Figure 4.15 indicated one of ridges was 3.5pm
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high. Such ridges are undesirable because they make it harder to attach the surface of an
embossed part to other materials.

In the second recipe, Pemb was held when the temperature of molds and replicas was
slowly declining. Once this temperature reached a specific value, so called de-embossing
temperature, Pemb was manually unloaded. In this case, the selection of Tde-emb is very
important. The dashed line in Figure 4.15 is the profile of a replica with Tde-emb of 100 °C,
above Tg. The depths o f the feature were about 3 pm smaller than the designed height of
the mold and the base was not flat, although polymer ridges were not formed. These
distortions were attributed to the PMMA tried to rebound its shape when Pemb was
removed at a relatively high temperature. Since the load is removed when the temperature
material is above its Tg, and its viscosity is substantially lowered, the amount o f elastic
strain relaxed is larger than if the load is removed at a lower temperature. [5]

If, however, the PMMA was de-embossed at 70 °C and before that, Pemb was kept, the
features produced were of excellent quality. Edge ridges were not observed, the depths of
the features were faithful to the dimensions of the mold. The Tde-emb of 70°C did not drive
the PMMA to shrink too much and brought an appropriate viscosity that was sufficient to
prevent the shape against rebounding. It therefore appears that Tde-emb in our project is
supposed to lie at 70°C.
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Figure 4.14 The SEM image o f PMMA replica de-embossed using recipe 1: the mold and
the replica were cooled down to room temperature while Pemb gradually relaxed. Dashed
circles indicate the ridges formed during the de-embossing process.

Figure 4.15 Profiles o f microchannels o f PMMA replicas. The solid line represents
replica de-embossed using recipe 1, while the dashed line demonstrates the replica using
recipe 2 with Tde-emb of 100°C
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Based on the discussion above, the detail o f process was summarized and presented in
Figure 4.16, which indicated a typical combination o f embossing/de-embossing
temperatures and pressure profiles. The process was divided into three segments: fluidity,
shaping and cooling process. In fluidity part, the stack was first heated up to a
temperature o f 130°C, which is 34°C over the Tg of PMMA (Tg=96°C). During the pre
heating period to 130°C, the mold and the PMMA were loaded with a controlled pressure
o f 3 x l 0 4 Pa to guarantee good contact and uniform heating. [6] The load then was
ramped to 180 MPa by the top stage to compress the mold against the PMMA, and the
protuberant pattern on the mold penetrated into the molten PMMA substrate. After
keeping the temperature at 130°C for another 10 minutes, the step turned into the cooling
process. The compression force was not released until the temperature dropped down to
Ta (70°C). Thereafter, the mold and the molded substrate were cooled down to room
temperature and separated manually.

Figure 4.16 Temperature and pressure diagram of embossing process
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4.3.3 Performance of Hybrid Molds in Hot Embossing Lithography
Hybrid molds were used as inserted masters to extrude the microstructure on PMMA in
hot embossing lithography. SEM images o f the embossed microstructure are the most
straightforward evaluations on the processed PMMA. As shown in Figure 4.17 (a) and
(b), the PMMA substrate faithfully replicated the structure from the mold. Both the
concave surface and the protruded surface were flat and smooth as shown in AFM images
o f Figure 4.18 and Figure 4.19. The concave surface was in contact with the SU-8 mold,
while the protrude surface was in contact with the wafer during hot embossing process.
The roughness o f concave surface, which served as the wall of microchannel, is less than
10 nm. This results to easy controlling of fluidic sample. The protruded surface here
means the interface o f PMMA embossed by the wafer. This surface shows even smoother.
The smooth interface helps the following lamination and bonding step. The long
microchannels remained straight as the intersection followed the contours of the master
structure. Even the sharp boundary in Figure 4.17 (b) was imprinted as perfectly as the
fillet corners with minor replication errors observed. Based on critical analysis, the
vibration o f loading process caused by the manual control o f hot embossing device
should account for these errors. In hot embossing experiments carried out on pure metal
molds with the same equipment, similar errors existed as well.

- 70-

Figure 4.17 SEM images o f embossed microchannels in PMMA. The microchannels
were designed in 100pm wide and 20 pm deep, (a) and (b): Images o f embossed PMMA
with the hybrid mold.
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Figure 4.18 (a) and (b): AFM topography images of a 5.0><5.0 pm area for concave
surface o f the embossed channel base, (c) The cross-section profile corresponding to this
surface.
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(a)

(b)

17.3 nm

Figure 4.19 (a) and (b): AFM topography images of a 5.0><5.0 pm area for protruded
surface of the embossed PMMA. (c) The cross-section profile corresponding to this
interface.

The advantages of hybrid molds are demonstrated through contructive experiments on
bare SU-8 mold and SU-8/Cu mold at the same dimension. It is clear to state that the bare
SU-8 mold results in less quality channel bases and edges in molded PMMA structures as
its unbalanced thermal spread and weak thermal conductivity (Figure 4.20). The major
purpose of metalizing SU-8 micromolds is to drive thermal diffusion rapidly and equally.
Obviously, most metals, such as Cu with thermal conductivity o f 400 W.m '.K ~', are
more thermally sensitive than polymers (SU-8: 0.2 W,m~' ,K~' ). Metalized surfaces are of
high ability to shorten heating process consuming time. The Cu layer wrapped the whole
mold can merge the difference o f thermal conductivity between SU-8 and silicon
substrate, making the thermal energy more uniform and achieving isothermal embossing.
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The deposition of metal film on SU-8 also resulted in developing smoother surfaces.
However, SU-8 without Cu layer did not achieve good qualified bases or edges of
embossed channels. With Cu layer working as a seed film, ASL succeeded to grow on
top for reducing adhesion. ASL plays a critical role in protecting the Cu layer from
peeling off in the de-embossing process (Figure 4.18 (c)). The Cu layer was removed
away from the mold and stuck strongly on the PMMA surface in a non-ASL experiment.
Consequently, each layer of hybrid molds in our case is essential in hot embossing
lithography.

Figure 4.20 SEM images of embossed microchannels in PMMA. The microchannels
were designed in 100pm wide and 20 pm deep, (a) and (b): Images of embossed PMMA
with a naked SU-8 mold, (c): Image of embossed PMMA with a Cu wrapped SU-8 mold
without ASL layers.

In order to further analyze the quality of hybrid molds, the profiles of molds and replicas
were plotted with a profilometer. Prior to investigating the data, we would like to
describe a significant effect impacting on data profiles in our characterizing process. In
profilometer measurements, a type of disturbance, introduced by the effects of finite
stylus width on the real sample profiles, was difficult to ignore. [7-8] Mechanical
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profilometer normally employs styli in conical form to trace profiles. However, styli with
neligible width involve measuring errors disturbing original surface profiles. Figure 4.21
(a) and (b) illustrates this problem: as the tip scans over the specimen, the sides of the tip
make contact before the apex, and the feedback mechanism begins responding to the
feature. Based on this principle, the profile o f the concave channel on the duplicated
sample (the dashed line) is narrower than the actual profile (the solid line) in width, while
the convex mold is in the opposite situation. As the mold carried the protuberant pattern
and the PMMA had the concave feature, the tip effects will double the disturbance.

Figure 4.21 (a) and (b): The convolution effect on concaved convex structure. Solid line:
real sample topography; dashed line: recorded profile

In order to minimize the disturbance while comparing profiles, we employed the curable
polymer o f PDMS to cast the structure from the embossed PMMA. The casted
microchannel in PDMS was convex, maintaining the same dimension as the embossed
one in the PMMA. The tip effect of profile scanning on the mold and the PDMS would
appear at the same spot, that can be ignored when comparing the two profile figures. The
data o f these lines in Figure 4.22 were averaged from more than five measurements. The
dimensions of the two profiles have excellent match with minor errors in channel width.
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Lateral Position (urn)
Figure 4.1 The profiles o f the microchannels on the master mold and replicated PMMA
substrate.

Comparing with conventionally embossing molds (nickel or silicon molds), we realized
the composition of polymer molds instructed the parameters selection of embossing
process, such as embossing temperatures, embossing cycle periods. Although SU-8’s
modulus o f elasticity (4.95 ± 0.42 GPa) indicates its sufficient hardness to emboss
against PMMA material whose modulus o f elasticity is 2.9 GPa at room temperature, [9]
in theory, molds made from hard materials are o f higher ability to open PMMA chains
and permit embossing. To achieve equal results with polymer molds, we had to extend
the preheating time to 5 min with rising the embossing time to 10 min so that the slow
driving rate forced PMMA chains apart fully at the heating temperature of 130°C fulfill
faithful replication o f molds. Furthermore, the compressing pressure applied in our case
was 180 M Pa, higher than the typical embossing force o f 0.5 ~ 2 kN cm'2 (0.5-2* \tfP a )
used with conventional molds. [10]
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The hybrid molds not only can make high-quality replicas on polymer chips, but also
have long endurances. Profilometer readings with tiny damages shown in Figure 4.23
demonstrate the hybrid mold was survived after more than 30 embossing cycles. Three
molds with 22 pm high structures were employed to emboss PMMA for 35 cycles
respectively for mold lifetime study. Profilometer measurements were taken at different
embossing cycles on the same mold. The observation results present that the crosssections of the first mold had a loss of approximately 4% in channel height at the 35th
embossing run while few changes in the forgoing 30 runs (Figure 4.23), and the situation
on the second and third molds had 3% and 5% damages on the 35th run). The relation of
embossing cycles and mold height is shown in Figure 4.24. The reason o f minor damage
is not clear, we assumed it was caused by de-embossing movements which involved
friction over the mold, wearing part of structures away. The life time o f hybrid molds is
long enough for research application in laboratories and the trial production in industry.

Figure 4.1 Profilometer measurements comparing the hybrid mold after 15th, 20th, 25th,
30th, 35th cycle of embossing
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Figure 4.24 Height data averaged by three hybrid molds after 15th, 20th, 25th, 30th, 35th
cycle of embossing.

4.4 Conclusions
The self assembly monolayer o f low surface energy molecules formed perfectly on the
Cu layer as an anti-sticking layer. 20 min anti-sticking treatment increased the water
contact angle from 59 0 to 130 °, and the adhesive force o f surface with anti-sticking
coating was reduced to one tenth of the one without coating. The metallization step
showed promising effects on increasing thermal conductivity, making more uniform
thermal energy and achieving isothermal embossing. In addition, the deposition of metal
film on SU-8 resulted in developing smoother surfaces, and acts as a seed film of ASL
for reducing adhesion. Finally, the whole hybrid molds demonstrate excellent and stable
imprinting performance for fabricating microsturctures. The lifetime of these molds is
also acceptable.
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Chapter 5
Conclusion
5.1 Summary of Results
In this dissertation, the construction o f the hybrid master mold and its application in hot
embossing lithography for fast prototyping and small volume production o f micro-deives
were studied in detail. Based on intended application field, the hybrid mold was built up
by negative photoresist SU-8 structure, thin metal film and anti-sticking layer. In order to
prove the feasibility of this creative idea, each layer o f the mold was characterized and
the whole embossing performance as an entire tool was also evaluated. The conclusions
drawn from this research are summarized as follows:

Innovative hybrid master molds for hot embossing lithography were successfully
fabricated by photolithography, metal deposition and surface modification. The negative
photoresist SU-8 was patterned on a silicon wafer, forming the structure of the mold.
Refer to the SU-8 structure, a thin film of copper was deposited as a functional layer for
enhancing the thermal conductivity during the hot embossing process. An anti-sticking
layer was created on top by the covalent bonding o f Trichloro(lH,lH,2H,2Hperfluorocty)silane and the oxidized copper layer. Fabrication expense o f these hybrid
molds are hardly affected by the complexity o f the design.

The existence o f each layer makes contribution to the performance o f the master molds in
hot embossing process. The self assembly monolayer of low surface energy molecules
grew perfectly on the copper layer as an anti-sticking layer. The water contact angles
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hiked from 59 0 to 130 0 and the adhesive force dropped by 90% on this surface. The
reduced adhesive force makes PMMA flow easily along the mold, improves the de
embossing operation, and protects the copper layer from peeling off in the process. In
non-ASL experiments, the copper layer was removed away from the mold completely,
sticking strongly on the channel base. It is obvious that the ASL plays a critical role in
advancing replication quality and prolonging mold lifetime.

The metal film showed promising effects in terms of increasing thermal conductivity,
creating more

uniform

thermal

distribution

and

achieving

isothermal

heating.

Furthermore, the chose of copper provided a seed layer where the self-assembly
monolayer could grow. The function o f this metal film was demonstrated through
constructive experiments by bare SU-8 mold with the same dimension. The results stated
that bare SU-8 mold was unable to perform hot embossing process unless combining with
the metal thin film and the ASL.

In the hot embossing experiments, the products’ qualities were presented by SEM
images and profile data. In PMMA replicas, both the protruded surface and the concave
surface were flat and smooth. The cavities were filled completely. The long
microchannels remained straight and the intersection followed the contours of the master
structure as intended, although a few of minor errors were caused by the vibration of
loading process manually. The plotted profiles o f molds and replicas matched each other
with respect to the dimensions.
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In terms of endurance, profilometer readings with tiny damages demonstrate the hybrid
mold survived after more than 30 embossing cycles. Three molds with roughly 22 pm
high structures were employed to emboss PMMA 35 cycles respectively for lifetime
study. Profilometer measurements were taken at different embossing cycles on the same
mold. The observation results presented one of the tree molds had a loss o f approximately
4% in channel height at the 35th embossing run, while few changes in the first 30 runs.
The endurance data o f the other two molds showed the similar fading, 3% and 5%
iL

#

#

respectively, at the 35 run. The reason o f minor damage is not clear, we suppose it was
caused by de-embossing movements, wearing part o f structures away. The life time of
hybrid molds is long enough for research application in laboratories and the trial
production in industry. Also, the fabrication process of hybrid mold is environment
friendly. It does not produce any harmful chemical waste as what the electroplating
technique does.

In general, the experimental results presented in this study are in good agreement with
our hypothesis and fulfill the objective. Due to the restriction o f the present hot
embossing equipment in our lab, minor defects were observed. However, the key
parameters of the innovative hybrid master molds are well-developed. Hence, the results
obtained in this study demonstrate the feasibility of prototyping and prolonging small
volume micro-devices by this hybrid mold. The methodology and the experimental
parameters shown in the present study can also be considered to benefit the
micromolding of other thermoplastic polymer.
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5.2 Thesis Contributions
The original contributions o f this thesis may be summarized as follows:
•

Proposed an alternative molds which were barely influenced by the complexity
of mold patterns for hot embossing lithography, simplifying the fabrication
procedures;

•

Successfully fabricated the innovative hybrid molds, performed systematic
experiments and collected abundant data, evaluating the performance of molds;

•

Minimizing the contamination produced during the mold fabrication process,
comparing with other mold fabrication methods.

5.3 Suggestions for Future Research
This work has already shown that photoresist SU-8 structure combined with other two
functional layers is able to serve as a master mold for hot embossing lithography. The
hybrid mold would be applied better if the following three aspects can be done in future.

First of all, 3D SU-8 structures can be assembled with the multi-layer lithography
technique. Master molds with 3D features are able to broaden the application field of hot
embossing lithography. Process parameters o f embossing 3D molds need to be optimized
further as more complicated features induced.

Secondly, material natures o f SU-8 resist will be tailored for better performance in hot
embossing process. It’s worth noting that SU-8 is organic resist and the hybrid
organic/inorganic UV induced photopolymerizations have shown promising effects on
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dramatically improving the material properties in many engineering applications. Zhou et
al.[84] reported the hardness, scratch resistance, and abrasion resistance o f acrylic-based
materials could be uplifted by adding silica nanoparticles. Cho et al. discovered that the
involvement o f silica nanoparticles produced synergistic effect in the freeradical
photopolymerization process, which speeds up the cure rate and polymerized conversion
in a UV curable acrylate system. [85] In the future study, research about how the
nanoparticles affect the curing behavior and kinetics in the organic matrix will be carried
out. Contrast experiments of hybrid systems with and without nanoparticles will be
employed to identify different mechanical behaviors. Then various kinds of nanoparticles
will be tested to select the best one for mechanical enhancement such as the hardness and
abrasion resistance o f SU-8.

Thirdly, this molding technique will be applied to nano-scale construction. Nano-molding
is a time consuming fabrication process, and advanced equipments are required. Hybrid
mold used in nano-molding shares the same advantages as in micro-molding. However,
the hot embossing equipment must be upgraded from the manual loading to automatic
loading and facilitated a vacuum chamber, eliminating manual disturbances.
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